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(54) Method of two dimensional feature model calibration and optimization 



(57) A method for generating a photolithography 
mask for optically transferring a pattern formed in the 
mask onto a substrate utilizing an imaging system. The 
method includes the steps of: (a) defining a set of cali- 
bration patterns, which are represented in a data format; 
(b) printing the calibration patterns on a substrate utiliz- 
ing the given imaging system; (c) determining a first set 
of contour patterns corresponding to the calibration pat- 
terns imaged on the substrate; (d) generating a system 
pseudo-intensity function, which approximates the im- 
aging performance of the imaging system; (e) determin- 



ing a second set of contour patterns by utilizing the sys- 
tem pseudo-intensity function to define how the calibra- 
tion patterns will be imaged in the substrate; (f) compar- 
ing the first set of contour patterns and the second set 
of contour patterns to determine the difference therebe- 
tween; (g) adjusting the system pseudo-intensity func- 
tion until the difference between the first set of contour 
patterns and the second set of contour patterns is below 
a predefined criteria; and (h) utilizing the adjusted sys- 
tem pseudo-intensity function to modify the mask so as 
to provide for optical proximity correction. 
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Description 

[0001] The present invention generally relates to photolithography, and in particular to a method of generating a 
known set of functions (i.e., calibrated model) defining the performance of an imaging system which are subsequently 
s utilized to correct for optical proximity effects and to improve the printing of mask patterns on substrates. 

[0002] The present invention also relates to the use of such a calibration technique in a lithographic projection ap- 
paratus, which generally comprises: 

a radiation system for supplying a projection beam of radiation; 
10 - a support structure for supporting patterning means (e.g., mask), the patterning means serving to pattern the 
projection beam according to a desired pattern; 
a substrate table for holding a substrate; and 

a projection system for projecting the patterned beam onto a target portion of the substrate. 

15 [0003] Lithographic apparatus can be used., for example, in the manufacture of integrated circuits (ICs). In such a 
case, the mask may contain a circuit pattern corresponding to an individual layer of the IC, and this pattern can be 
imaged onto a target portion (e.g. comprising one or more dies) on a substrate (silicon wafer) that has been coated 
with a layer of radiation-sensitive material (resist). In general, a single wafer will contain a whole network of adjacent 
target portions that are successively irradiated via the projection system, one at a time. In one type of lithographic 

20 projection apparatus, each target portion is irradiated by exposing the entire mask pattern onto the target portion in 
one go; such an apparatus is commonly referred to as a wafer stepper. In an alternative apparatus — commonly referred 
to as a step-and-scan apparatus — each target portion is irradiated by progressively scanning the mask pattern under 
the projection beam in a given reference direction (the "scanning" direction) while synchronously scanning the substrate 
table parallel or anti-parallel to this direction; since, in general, the projection system will have a magnification factor 

25 m (generally < 1 ) : the speed V at which the substrate table is scanned will be a factor M times that at which the mask 
table is scanned. More information with regard to lithographic devices as described herein can be gleaned, for example, 
from US 6,046,792, incorporated herein by reference. 

[0004] In a manufacturing process using a lithographic projection apparatus, a mask pattern is imaged onto a sub- 
strate that is at least partially covered by a layer of radiation-sensitive material (resist). Prior to this imaging step, the 

30 substrate may undergo various procedures, such as priming, resist coating and a soft bake. After exposure, the sub- 
strate may be subjected to other procedures, such as a post-exposure bake (PEB), development, a hard bake and 
measurement/inspection of the imaged features. This array of procedures is used as a basis to pattern an individual 
layer of a device, e.g. an IC. Such a patterned layer may then undergo various processes such as etching, ion-implan- 
tation (doping), metallization, oxidation, chemo-mechanical polishing, etc., all intended to finish off an individual layer. 

35 If several layers are required, then the whole procedure, or a variant thereof, will have to be repeated for each new 
layer. Eventually, an array of devices will be present on the substrate (wafer). These devices are then separated from 
one another by a technique such as dicing or sawing, whence the individual devices can be mounted on a carrier, 
connected to pins, etc. Further information regarding such processes can be obtained, for example, from the book 
"Microchip Fabrication: A Practical Guide to Semiconductor Processing", Third Edition, by Peter van Zant, McGraw 

40 Hill Publishing Co., 1997, ISBN 0-07-067250-4, incorporated herein by reference. 

[0005] For the sake of simplicity, the projection system may hereinafter be referred to as the "lens"; however, this 
term should be broadly interpreted as encompassing various types of projection systems, including refractive optics, 
reflective optics, and catadioptric systems, for example. The radiation system may also include components operating 
according to any of these design types for directing, shaping or controlling the projection beam of radiation, and such 

45 components may also be referred to below, collectively or singularly, as a "lens". Further, the lithographic apparatus 
may be of a type having two or more substrate tables (and/or two or more mask tables). In such "multiple stage" devices 
the additional tables may be used in parallel, or preparatory steps may be carried out on one or more tables while one 
or more other tables are being used for exposures. Twin stage lithographic apparatus are described, for example, in 
US 5,969,441 and WO 98/40791, incorporated herein by reference. 

so [0006] The photolithographic masks referred to above comprise geometric patterns corresponding to the circuit com- 
ponents to be integrated onto a silicon wafer. The patterns used to create such masks are generated utilizing CAD 
(computer-aided design) programs, this process often being referred to as EDA (electronic design automation). Most 
CAD programs follow a set of predetermined design rules in order to create functional masks. These rules are set by 
processing and design limitations. For example, design rules define the space tolerance between circuit devices (such 

55 as gates, capacitors, etc.) or interconnect lines, so as to ensure that the circuit devices or lines do not interact with one 
another in an undesirable way. The design rule limitations are typically referred to as "critical dimensions" (CD). A 
critical dimension of a circuit can be defined as the smallest width of a line or the smallest space between two lines. 
Thus, the CD determines the overall size and density of the designed circuit, 
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[0007] Of course, one of the goals in integrated circuit fabrication is to faithfully reproduce the original circuit design 
on the wafer (via the mask). Another goal is to use as much of the semiconductor wafer real estate as possible. As 
the size of an integrated circuit is reduced and its density increases, however, the CD of its corresponding mask pattern 
approaches the resolution limit of the optical exposure tool. The resolution for an exposure tool is defined as the 
5 minimum feature that the exposure tool can repeatedly expose on the wafer. The resolution value of present exposure 
equipment often constrains the CD for many advanced IC circuit designs. 

[0008] As the critical dimensions of the circuit layout become smaller and approach the resolution value of the ex- 
posure tool, the correspondence between the mask pattern and the actual circuit pattern developed on the photoresist 
layer can be significantly reduced. The degree and amount of differences in the mask and actual circuit patterns de- 
10 pends on the proximity of the circuit features to one another. Accordingly, pattern transference problems are referred 
to as "proximity effects." 

[0009] To help overcome the significant problem of proximity effects, a number of techniques are used to add sub- 
lithographic features to mask patterns. Sub-lithographic features have dimensions less than the resolution of the ex- 
posure tool, and therefore do not transfer to the photoresist layer. Instead, sub-lithographic features interact with the 

15 original mask pattern and compensate for proximity effects, thereby improving the final transferred circuit pattern. 

[0010] Examples of such sub-lithographic features are scattering bars and anti-scattering bars, such as disclosed 
in United States Patent US 5,821 ,014 (incorporated herein by reference), which are added to mask patterns to reduce 
differences between features within a mask pattern caused by proximity effects. More specifically, sub-resolution assist 
features, or scattering bars, have been used as a means to correct for optical proximity effects and have been shown 

20 to be effective for increasing the overall process window (i.e., the ability to consistently print features having a specified 
CD regardless of whether or not the features are isolated or densely packed relative to adjacent features). As set forth 
in the '014 patent, generally speaking, the optical proximity correction occurs by improving the depth of focus for the 
less dense to isolated features by placing scattering bars near these features. The scattering bars function to change 
the effective pattern density (of the isolated or less dense features) to be more dense, thereby negating the undesirable 

25 proximity effects associated with printing of isolated or less dense features. It is important, however, that the scattering 
bars themselves do not print on the wafer. 

[0011] For the intermediate pitch features pitches, where there is no room to insert SB, a typical method of optical 
proximity correction (OPC) is to adjust the feature edges (or apply bias) so that the printed feature width is closer to 
the intended width. In order for the use of the sub-resolution features and/or feature biasing to be effective for minimizing 

30 optical proximity effects, an operator having a substantial amount of knowledge regarding mask design and the printing 
process, as well as a substantial amount of experience, is required to modify the mask design to include the subres- 
olution features and/or the adjustment of feature edges (biasing) if the desired goal is to be obtained. Indeed, even 
when an experienced operator performs this task, it is often necessary to conduct a "trial and error" process in order 
to properly position the subresolution features to obtain the desired corrections. This trial and error process, which can 

35 entail repeated mask revisions followed by repeated simulations, can become both a time consuming and costly proc- 
ess. 

[001 2] Another known method of correcting for optical proximity effects (OPE) entails attempting to "calibrate" the 
printing process so as to compensate for the OPEs. Currently known techniques include "correlating" so-called cali- 
bration parameters to the OPC model, which requires performing a set of detailed SEM CD measurements at various 

40 feature sites. Regardless of the actual feature shape, these are 1 D width measurements. The more measurement data 
collected, the better the precision of the calibration parameters. However, for a reliable model parameter calibration, 
it is not unusual to require more than several hundreds of CD measurements at various critical feature sites under 
different neighboring environments. These are labor intensive and time consuming work. Worse, how the measurement 
CDs were taken can often become operator dependent due to the experience level, which can obviously impact the 

45 parameter calibration negatively, thereby limiting the overall effectiveness of the technique. 

[0013] Accordingly, there exists a need for a method of generating a set of parameters (or calibration factors) that 
define the printing performance of a given imaging system such that the parameters can be utilized to automatically 
correct for and/or minimize optical proximity effects associated with the given imaging system without having the op- 
erator perform the "trial and error" mask modification process noted above. Moreover, it is necessary to have an au- 

50 tomated calibration and optimization process to generate a set of precision model parameters that are based on actual 
2D wafer patterns with minimum operator dependency for consistent results. 

[0014] In an effort to solve the aforementioned needs, it is an object of the present invention to provide an automated 
method of generating a set of optimized parameters (or calibration factors) using the printed 2D wafer patterns that 
define the printing performance of a given imaging system such that the parameters can be utilized to automatically 
55 correct for and/or minimize optical proximity effects associated with the given imaging system without either having 
the operator perform the "trial and error mask modification process or having to collect significant amounts of t D SEM 
CD data, which is very labor intensive process as noted above. 

[0015] More specifically, the method of the present invention relates to the generation of a photolithography mask 
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for optically transferring a pattern formed in the mask onto a substrate utilizing an imaging system. The method includes 
the steps of: (a) defining a set of calibration patterns, which are represented in a data format; (b) printing the calibration 
patterns on a substrate utilizing the given imaging system; (c) determining a first set of contour patterns from the 
calibration patterns that are imaged on the substrate; (d) generating a system pseudo-intensity function (SPIF), which 

5 can closely represent the imaging performance of the imaging system; (e) determining a second set of contour patterns 
by utilizing the system pseudo-intensity function to define how the calibration patterns (in terms of design data) will be 
imaged in the substrate; (f) comparing the first set of contour patterns and the second set of contour patterns to de- 
termine the difference therebetween; (g) adjusting either the parameters of the system pseudo-intensity function or 
the actual function itself until the difference between the first set of contour patterns and the second set of contour 

10 patterns is below a predefined criteria: and (h) utilizing the adjusted system pseudo-intensity function to modify the 
mask so as to provide for optical proximity correction. 

[0016] As described in further detail below, the present.invention provides significant advantages over the prior art. 
For example, by using auto extracted 2D contour of printed wafer patterns for SPI F model calibration and optimization, 
it is possible to more realistically represent the actual wafer features in question. In addition, by accurately modeling 

J5 the imaging performance of the given imaging system by utilizing the system pseu do -intensity function, it is possible 
to automatically make adjustments in the mask design that compensate for optical proximity effects as well as other 
factors that degrade imaging performance. Importantly, the method of the present invention eliminates the need for 
someone highly skilled in image processing to perform the "trial and error" approach of correcting for optical proximity 
effects or for someone to perform a labor-intensive collection of 1D SEM CD data measurements that is typically 

20 utilized. As such, the present invention results in a substantial savings in both the time and cost necessary to generate 
a viable mask design. Further, by utilizing the actual 2D pattern contour as input for calibration and optimization, the 
present invention utilizes much "richer" data information to describe the actual wafer patterns, and therefore obtains 
more accurate model parameter results. 

[0017] Additional advantages of the present invention will become apparent to those skilled in the art from the fol- 

25 lowing detailed description of exemplary embodiments of the present invention. 

[0018] Although specific reference may be made in this text to the use of the invention in the manufacture of ICs, it 
should be explicitly understood that the invention has many other possible applications. For example, it may be em- 
ployed for photomask patterning calibration and photo resist modeling, and wafer etched pattern modeling, and in 
general for 2D pattern calibration applications such as integrated optical systems, guidance and detection patterns for 

30 magnetic domain memories, liquid-crystal display panels, thin-film magnetic heads, etc. The skilled artisan will appre- 
ciate^hat, in the context of such alternative applications, any use of the terms "reticle", "wafer" or "die" in this text 
should be considered as being replaced by the more general terms "mask", "substrate" and "target portion", respec- 
tively." 

[001 9] In the present document, the terms "radiation" and "beam" are used to encompass all types of electromagnetic 
35 radiation, including ultraviolet radiation (e.g. with a wavelength of 365, 248, 193, 157 or 126 nm) and EUV (extreme 
ultra-violet radiation, e.g. having a wavelength in the range 5-20 nm). 

[0020] The term mask as employed in this text may be broadly interpreted as referring to generic patterning means 
that can be used to endow an incoming radiation beam with a patterned cross-section, corresponding to a pattern that 
is to be created in a target portion of the substrate; the term "light valve" can also be used in this context. Besides the 
40 classic mask (transmissive or reflective; binary, phase-shifting, hybrid, etc.), examples of other patterning calibration 
purposes that include; 

• a programmable mirror array. An example of such a device is a matrix-addressable surface having a viscoelastic 
control layer and a reflective surface. The basic principle behind such an apparatus is that (for example) addressed 

45 areas of the reflective surface reflect incident light as diffracted light, whereas unaddressed areas reflect incident 

light as undiffracted light. Using an appropriate filter, the said undiffracted light can be filtered out of the reflected 
beam, leaving only the diffracted light behind; in this manner, the beam becomes patterned according to the ad- 
dressing pattern of the matrix-addressable surface. The required matrix addressing can be performed using suit- 
able electronic means. More information on such mirror arrays can be gleaned, for example, from United States 

50 Patents US 5,296,891 and US 5,523,193, which are incorporated herein by reference. 

• a programmable LCD array. An example of such a construction is given in United States Patent US 5,229,872, 
which is incorporated herein by reference. 

[0021] The invention itself, together with further objects and advantages, can be better understood by reference to 
55 the following detailed description and the accompanying schematic drawings. 

[0022] Fig. 1 is a flow chart illustrating an exemplary embodiment of the calibration method of the present invention. 
[0023] Fig. 2A illustrates an exemplary dense feature pattern that has not been subjected to a calibration process. 
[0024] Fig. 2B illustrates the dense feature pattern of Fig. 2A printed utilizing a first set of calibration factors deter- 
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mined utilizing the method of the present invention. 

[0025] Fig. 2C illustrates the dense feature pattern of Fig. 2A printed utilizing a second set of calibration factors 
determined utilizing the method of the present invention. 

[0026] Fig. 3A illustrates an exemplary semi-isolated feature pattern that has not been subjected to a calibration 
process. 

[0027] Fig. 3B illustrates the semi-isolated feature pattern of Fig. 3A printed utilizing a first set of calibration factors 
determined utilizing the method of the present invention. 

[0028] Fig. 3C illustrates the semi-isolated feature pattern of Fig. 3A printed utilizing a second set of calibration 
factors determined utilizing the method of the present invention. 

[0029] Fig. 4A illustrates an exemplary isolated feature pattern that has not been subjected to a calibration process. 
[0030] Fig. 4B illustrates the isolated feature pattern of Fig. 4A painted utilizing a first set of calibration factors de- 
termined utilizing the method of the present invention. 

[0031] Fig. 4C illustrates the isolated feature pattern of Fig. 4A printed utilizing a second set of calibration factors 

determined utilizing the method of the present invention. 

[0032] Fig. 5 illustrates an exemplary lithographic projection apparatus. 

[0033] In accordance with the present invention, a method is disclosed for calibrating an imaging system by deter- 
mining a set of performance parameters (i.e., calibration model) which define the printing performance of the given 
imaging system. The performance parameters are determined for multiple types of features that may be printed in a 
typical mask design (e.g., densely-spaced features, semi-isolated features, isolated features, line-ends, elbows, etc.). 
As explained in more detail below, the performance parameters are utilized to determine how a mask should be modified 
such that the desired feature is accurately printed on the wafer (i.e., the resulting resist pattern formed by the mask 
accurately corresponds to the desired feature). 

[0034] Once the performance parameters (or calibrated model) have been determined for a sufficient number of 
features, the performance parameters are utilized to compensate for optical proximity errors occurring during photore- 
sist printing (or after etching) under the same process conditions for the other types of features utilized in the given 
mask design. One such imaging model can be expressed as system pseudo-intensity function, orSPIF, as shown: 



where, 

a, is a weighting coefficient to be calibrated and optimized; 
M{x, y) is the mask transmission function; 

%{x, y) is the set of basis functions that have been chosen to represent optical imaging system, e.g., the Eigen functions 

of a theoretical optical-system; 

x, y are the location of wafer pattern; and 

* is the convolution operator. 

[0035] By utilizing the SPIF to predict how a given design pattern would print, it is possible to optimize the design to 
print the desired ("target") pattern. For this type of optimization process, one can use any well-established optimization 
method, for example, such as Levenberg-Marquardt. In other words, the performance parameters allow for the pre- 
correction of the mask data for the features to be printed such that the resulting mask pattern printed on the wafer 
more closely resembles the desired pattern. As such, the method of the present invention, which entails generating a 
calibrated model (i.e., performance parameters) , allows for automatic model-based optical proximity corrections (OPC) 
for the mask patterns. It is noted that the method of the present invention can also be applied in order to verify the 
intended performance of OPC'd mask patterns. 

[0036] The following summarizes the typical process flow for the optimization loop of the present invention: 

1. "SPIF prediction" process: 

a. Compute continuous threshold SPIF, and 

b. Trace polygon contour around the above threshold (or >1 , as typical threshold setting) areas. 

2. "OPC" process: 

a. Perform "SPIF prediction", 
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20 



b. Compare results to the desired, 

c. If acceptable, then the optimization is done, and 

d. If not acceptable, adjust the design edges in opposite direction of the error 

5 [0037] Fig. 1 is a flow chart illustrating an exemplary embodiment of the calibration method of the present invention. 
The exemplary method of the present invention will now be described. 

[0038] The first step in the process (Step 1) entails designing (or determining) a set of patterns, referred to as cali- 
bration patterns, that are representative of the actual features to be printed on the wafer, including for example, but 
not limited to, dense line/space patterns, semi-isolated line/space patterns and isolated line/space patterns. Preferably, 
10 the patterns contain turns, elbows, etc. In addition, it is noted that generally speaking, the more calibration patterns 
that are obtained : the more accurately the method of the present invention can correct for OPE in printed wafers. For 
example, in one embodiment, numerous line/space patterns all of which can be considered dense are determined, 
along with numerous line/space patterns for semi-dense and isolated line/space patterns. As explained below in more 
detail, the more calibration patterns that are collected or determined, the less the method will have to interpolate be- 
tween known calibration patterns when correcting the actual features included in the mask. In other words, the more 
calibration patterns that are obtained, the more closely an actual feature to be printed will correspond (i.e., match) to 
a pre-determined calibration pattern. It is noted that in one embodiment of the present invention, the calibration patterns 
are represented by polygon figures. A polygon is a many sided 2D figure that is usually described by a set of (X, Y) 
vertices. GDSM Stream™ is one commonly used data format in the semiconductor industry to represent 2D polygon 
figures for IC design data. However, any other suitable data format capable of representing mask designs can be 
utilized. 

[0039] Step 2 in the process entails forming a mask corresponding to the calibration patterns defined in Step 1 . and 
printing the calibration patterns formed in the mask on a wafer. It is noted that the calibration patterns should be printed 
utilizing the exact same process and steps to be utilized in the production of the commercial semiconductor device, 
25 for which the calibration process is being performed. 

[0040] Once the calibration patterns have been printed on the wafer, the next step (Step 3) entails imaging and 
measuring the calibration patterns formed on the processed silicon wafer with resist patterning. The imaging may be 
accomplished utilizing, for example, a SEM (scanning electron microscope) device. It is noted that the measurement 
may be, for example, a top-down SEM or a cross-sectional CD (critical dimension) SEM. In the current embodiment, 
it is preferable to utilize a top-down SEM CD and with a corresponding SEM image for each of the calibration patterns 
to be measured. It is further noted that for the best calibration performance, it is preferred to have SEM images with 
sufficient magnification. For example, for 130nm and below design rule, the preferred SEM image magnification is 
above 70KX. Under such a high magnification, the main pattern in question can easily occupy the entire field of view 
and it is typically unlikely to have any additional room for alignment marks as a part of SEM image for alignment and 
scaling purpose. As such, as explained below, it is preferable to have both image rotation and scaling included as a 
part of this novel optimization scheme. 

[0041] Figs. 2A, 3A and 4A illustrate SEM images of resulting dense, semi-isolated and isolated line/space patterns, 
respectively, imaged on the wafer. It is noted that the resulting SEM contours 12 are overlaid on the original polygon 
design data (which represents an ideal imaging process) so as to allow a comparison of the desired pattern (defined 
by the polygon data) and the actual pattern printed by the imaging process (defined by the SEM image). Referring to 
Fig. 2A, for example, it can be seen that the resulting SEM image of the resulting pattern is less than perfect, due, for 
example, to optical proximity effects. One issue is the line shortening : which is illustrated by the difference in the end 
of a line in the SEM image and the ideal location of the line end determined by the polygon data (reference 14 denotes 
the gap caused by the line shortening). Figs. 3A and 4A illustrate similar deficiencies in the respective patterns. 
45 [0042] Turning again to Fig. 1 , in Step 4, the resulting SEM images undergo digital image processing and thresholding 
to extract the 2-dimensional photoresist contours. The smooth contours are approximated by many-sided polygons. 
In other words : the outline of the remaining resist pattern on the wafer, which defines the patterns imaged by the system, 
is identified and digitally processed. 

[0043] In the next step (Step 5), the 2-D photoresist contours obtained in Step 4 are converted (or approximated by) 
into the polygons or any other suitable format, such as the GDSII Stream™. It is noted that the data format utilized 
should be the same as that utilized in Step 1 to represent the calibration patterns. It should be clear that the SEM 
images represent the result of the calibration patterns being actually printed on the wafer. Thus, the differences between 
the SEM images and the calibration patterns represent the "errors" inherent in the imaging system and printing process. 
[0044] As explained below, the conversion of the 2-D photoresist contours to the polygon data format allows for the 
comparison of the resist printing (or after pattern etched) performance directly with a model function which represents 
the performance of the imaging system. The actual images obtained in Step 4 are utilized to "tune" the model function 
so the function accurately represents the printing performance of the imaging system. This allows for the function to 
be utilized to automatically modify the mask design so as to compensate for deficiencies in the printing performance 
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of the imaging system original polygon design data. In other words, the function can be utilized to provide optical 

roS '^sJbS'uent to contour extraction, SEM images are initially roughly overlaid with the original mask data pattern. 
It is conceivable that positional offset in both X and Y directions exist. By comparing a predetermined reference point 
(s) (e q the center of a desired square feature) of the original design and the SEM images, it is possible to determine 
f the printing process has caused a shift, rotation and/or scaling of the feature to be printed. It is noted that any suitable 
reference point(s) (e.g.. center of feature, a given edge or corner of the feature, etc.) can be utilized as a reference 
point for the comparison. The process of the present invention allows a simultaneous optimization for both a, and 
positional offset (e.g., shifting and rotation). Similarly, the optimization can adjust the SEM scaling factor during the 
optimization loop. This can be expressed as seen in the following matrix operation: 



~A B" 


X 




V 


C D_ 


_y_ 







where, 

A is X scaling factor and D is Y scaling factor; 

C is rotation and D is the skew of the SEM images; and 

X and Y represent the initial position and X' and Y' is the new position. It is important to note that the A B. C, and D 
are separately optimized in one optimization loop but for the same set of SEM images, it is assumed that ABC and 
D should remain constant. This is a practical assumption as the SEM should remain sufficiently stable and the SEM 
imaqes are consistently produced in one operation session. 

r0046] Next in Step 6, a set of System Pseudo-Intensity Functions (SPIFs) are generated. The SPIFs are functions 
Intended to represent the combined response of the imaging and the resist system as a 2-D . scalar function so that an 
approximation of the printed resist contour can be obtained by sampling the SPIF at a predehned thresho.c Tta 
refers to converting the continuously varying SPIF to a discrete function that is "1 where SPIF ,s greaterthan hresho d 
and "0" elsewhere The chosen threshold is rather arbitrary. The optimized SPIF is optimized for a given threshold 
value Thus once the SPIFs are defined for a given imaging system and process, it is possible to approximate how a 
■ given pattern will be printed on a wafer. It is noted that SPIFs will vary from imaging system to imag.ng system and 
f rom process to process. The corresponded weighting coefficients (a,) forthe SPIF set need to be optimized. Referring 
to Fiqs 2 and 3 for the threshold SPIF patterns (that have been overlaid with the wafer pattern contour). 
r00471 ' In Step 7 the SPIFs and corresponding weighting coefficients generated in Step 6 are utilized in conjunction 
with the POLYGON design data obtained in Step 1 to generate an approximation of the resist pattern contours that 
would result from printing the calibration patterns defined in Step 1. It is again noted that the SPIFs represent an 
approximation of how the imaging system behaves. Thus, by applying the SFIFs to the calibration patterns of Step 1 
it is possible toapproximate the operation of the imaging system, and the resuming resist contour patterns. It isprefe able 
that the approximation of the resist contour patterns generated in Step 7 be generated in the same data format utihzed 
to generate the calibration patterns in Step 1 and the representation of the actual contour patterns in Step 5 which in 
the current example, is polygon format. (Refer to the "SPIF prediction process") It is noted that Steps 6 and 7 of the 
metho^SZted in Fig 1 are distinct from Steps 2-5 and performed independently from Steps 2-5. As such, ,t ,s 
possible to perform Steps 6 and 7 prior to, concurrently, or after, Steps 2-5. 

rO048] Once the resist contour patterns have been approximated utilizing the SPIFs (Step 7), the next step (Step 8) 
entails comparing the approximated contour patterns to the contour patterns generated by actually printing the cali- 
bration patterns utilizing the given imaging system. More specifically, the predicted pattern 

the SPIFs) are compared to the contour patterns extracted from the corresponding SEM image. Then, the SPIF set 
and the corresponded weighting coefficients are varied until a sufficiently close match between the SPIF contour pattern 
and the SEM contour pattern is obtained. For example, as explained below in further detail, assuming the feature being 
considered exhibits a square shape, and the resulting SEM contour pattern exhibits a circular configuration (due to 
corner rounding), the coefficients of the SPIF function will be adjusted until the resulting contour pattern generated by 
the SPIF function exhibits a substantially circular configuration. 

[00491 • More specifically, upon completing the comparison in Step 8, the process proceeds to Step 9 to determine 
whetherornottheSPIFgeneratedcontourpatternsaresufficiently close (i.e., match) the SEM contourpattems. Criteria 
for determining whether or not the contourpattems sufficiently match one another include, for example, but not limited 
to the (1 ) the error in the overlapping areas between the model (SPIF generated) and experimental contours (SEM) 
12) the distance between the contours (absolute or signed), either at selected points or at all contour points, and (3) 
he sum of the squares of the distances between the two contours. These criteria, referred to as cost functions, are 
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minimized in the course of the fitting procedure. Once the criteria is selected, an associated value is determined, which 
is then utilized as the deciding factor in Step 9. It is noted that the process of Step 9 includes criteria to verify that the 
positional offset and scaling of the printed features are below an acceptable predefined criteria. 
[0050] If the error between the SPIF generated contour patterns and the SEM contour patterns is too great (i.e., the 
criteria of Step 9 is not satisfied), the process proceeds to Step 10, wherein the SPIF coefficients, the positional offsets, 
scaling and/or skewing factors are modified in an effort to have the resulting SPIF contour patterns more closely cor- 
respond to the SEM contour patterns in both shape and position. (Refer to the "OPC process") The process then returns 
to Step 7 so as to regenerate the contour patterns based on the updated foregoing variables. Thereafter, Steps 8 and 
9 are repeated again. 

[0051] If the error between the SPIF generated contour patterns and the SEM contour patterns remains too great 
after several iterations of the loop formed by Steps 7-10, the process then proceeds to Step 10A. In Step 10A, the 
process proceeds to select/construct a new SPIF function and/or increases the number "n" of the basis functions utilized 
to formulate the SPIF function. The process then returns to Step 6 and proceeds in the manner detailed above, utilizing 
the new/modified SPIF function. 

[0052] As is clear from the foregoing, the process proceeds to Step 10A in the event that adjustment of the SPIF 
weighting coefficients and positional offsets cannot produce an error below the predefined minimum value. It is noted 
that the determination of when to proceed to Step 10A can be determined, for example, by defining a set number of 
iterations of loop Steps 7-1 0 to be performed, and if an acceptable result is not obtained before the number of iterations 
are completed, the process then proceeds to Step 10A. Alternatively, operator intervention can be utilized to determine 
when to proceed to Step 10A. 

[0053] If the SPIF generated contour patterns and SEM contour patterns are sufficiently similar (i.e., the criteria of 
Step 9 is satisfied), the SPIF and the weighting coefficients are recorded (Step 11). It is noted that this SPIF and the 
corresponding weighting coefficients represent the actual printing performance of the given imaging system in a func- 
tional data format. In other words, the SPI F and the weighting coefficient represent a model of the imaging performance. 
As such, it can be utilized to predict and therefore compensate for various optical proximity effects that would otherwise 
degrade the overall printing performance. 

[0054] Referring to Step 1 1 , it is noted that the foregoing process is repeated until a sufficient number of SEM images 
have been fitted (i.e., matched) to the same model parameters. This is important since in practice all design patterns 
must go through the same OPC process to be able to achieve an optimum CD control under the same exposure setting. 
Preferably, the number of SEM images compared with SPI F generated contours is sufficient to span all possible patterns 
that are expected to be encountered in a given semiconductor chip mask design. For all feature pitch range and every 
feature type that have gone through the optimization loop, the same a,- is expected. If the a, is unsatisfactory, that is, 
the mbdel performance has resultant error that is greater than a pre-defined tolerance (as an example, the predicted 
CD error is greater than 4% of the target CD), the optimization loop should allow to increase the "n" or change a different 
form of Y, and re-start from the step #1 . 

[0055] The above process described is referred to as model training. The same SPIF function set with the corre- 
sponded weighting coefficients can be sufficient to fit numerous mask geometry's, such as those with different pitches, 
feature types, feature sizes, and orientations, etc. Once this empirical model for predicting resist contours has been 
suitably trained (Step 1 1 ), it is employed to make predictions about similar mask patterns. (Refer to the "OPC Process") 
For example, it can be used in an algorithm that processes mask data to perform model-based optical proximity cor- 
rection. For example, given a target shape, for example the original mask outline, the algorithm moves the edges of 
the mask data to decrease the error between the resist contour predicted by the trained model and the target. Model- 
based OPC becomes an especially important method, as the size of the printed features is comparable or smaller than 
the exposure wavelength. 

[0056] An example of the results that can be obtained by the foregoing method is set forth in Figs. 2B, 2C, 3B, 3C, 
4B and 4C. More specifically, using the foregoing method, a set of SPIFs with the corresponding weighting coefficients 
were utilized to fit the three cases of SEM images shown in Figs. 2A, 3A and 4A, where Fig. 2A illustrates an uncorrected 
dense line:space pattern (i.e., 130nm line at -1 :1 line:space); Fig. 3A illustrates an uncorrected semi-isolated line: 
space pattern (i.e., 130nm line at -1 :3.3 line:space); and Fig. 4A illustrates an uncorrected isolated line.space pattern 
(i.e., 130nm line at -1:8.8 line:space). Figs. 2B, 3B and 4B illustrate "corrected" patterns corresponding to Figs. 2A, 
3A, and 4A f respectively, resulting from utilizing a first set of SPIFs and corresponded weighting coefficients, and Figs! 
2B, 3B and 4B illustrate "corrected" patterns corresponding to Figs. 2A, 3A, and 4A, respectively, resulting from utilizing 
a second set of SPIEs and corresponded weighting coefficients. In general, the first set of SPIES utilized in the cor- 
rection illustrated in Figs. 2B, 3B and 4B provides for a better correction (i.e., closer match) as compared to the cor- 
rection obtain utilizing the second set of SPIFs as illustrated in Figs. 2C, 3C and 4C. However, both corrections provide 
an improvement over the non-corrected imaging, as the resulting image in all "corrected" versions more closely tracks 
the desired pattern. It is noted that the pattern images appear to be larger in Figs. 2A-2C, than in Figs. 3A-4C because 
it has a smaller plotting range as compared to the plotting range utilized in Figs. 3A-4C. 
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f0057] Thus in accordance with the present invention, once determined, the SPIF, which represents the actual per- 
formance ot the given imaging system, can be utilized to automatically modify (i.e., calibrate) mask designs such that 
the resulting image printed on the wafer more accurately corresponds to the desired image. In other words, the method 
of the present invention can be utilized to automatically provide OPC techniques in the mask design, by mod.fymg the 
various pattern features to be printed in accordance with the determined SPIF function. 

[0058] It is further noted that one exemplary criterion for specifying error tolerance (e.g., Step 9) is to actually count 
the non-overlapping pixels between the SEM (light) and the predicted SPIF contours (gray). From the SEM images it 
is possible to derive the physical dimensions for each pixel. For example, for 2.0 urn by 2.0 urn area that has 480X480 
imaging pixels, each pixel corresponds to (4.16nm)2. „ is a , so noted that for the 130nm technology generation, it may 
be necessary to require the error is to be one pixel or less. In other words, the non-overlapped area must not be more 
than one pixel wide For finer error specification, it is possible to use a smaller calibration region with the same imaging 
pixel counts such as using 0.9 urn by 0.9 urn for 480X480 pixels. In the later case, each pixel represents (2nm)^. 
r00591 It is noted that the method of the present invention provides important advantages over the prior art. For 
example by using auto extracted 2D contour of printed wafer patterns for SPIF model calibration and opt.m.zation, .t 
is possible to more realistically represent the actual waferfeatures in question. In addition, by accurately modeling the 
imaging performance of the given imaging system by utilizing the system pseudo-intensity function, it is possible to 
automatically make adjustments in the mask design that compensate for optical proximity effects as well as other 
factors that degrade imaging performance. Importantly, the method of the present invention eliminates the need for 
someone highly skilled in image processing to perform the "trial and error" approach of correcting for optical proximity 
effects or for someone to perform a labor-intensive collection of 1D SEM CD data measurements that is typ.cally 
utilized As such, the present invention results in a substantial savings in both the time and cost necessary to generate 
a viable mask design. Further, by utilizing the actual 2D pattern contour as input for calibrate and optim.zat.on, the 
present invention utilizes much "richer" data information to describe the actual wafer patterns, and therefore obtains 

more accurate model parameter results. 

[0060] Fig. 5 schematically depicts a lithographic projection apparatus suitable for use with the cal.brat.on method 
of the present invention. The apparatus comprises: 

- a radiation system Ex, IL, for supplying a projection beam PB of radiation. In this particular case, the radiation 
system also comprises a radiation source LA; 

- a first object table (mask table) MT provided with a mask holderfor holding a mask MA (e.g. a reticle), and connected 
to first positioning means for accurately positioning the mask with respect to item PL; 

- a second object table (substrate table) WT provided with a substrate holder for holding a substrate W (e.g. a res.st- 
coated silicon wafer), and connected to second positioning means for accurately positioning the substrate with 

respect to item PL; • » ^ 

- a projection system ("lens") PL (e.g. a refractive, catoptric or catadioptric optical system) for imaging an irradiated 
portion of the mask MA onto a target portion C (e.g. comprising one or more dies) of the substrate W. 

r0061 1 As depicted herein, the apparatus is of a transmissive type (i.e. has a transmissive mask). However, in general, 
it may also be of a reflective type, for example (with a reflective mask). Alternatively, the apparatus may employ another 
kind of patterning means as an alternative to the use of a mask; examples include a programmable mirror array or 

pSiT^The source LA (e.g. a mercury lamp or excimer laser) produces a beam of radiation. This beam is fed into an 
illumination system (illuminator) IL, either directly or after having traversed conditioning means, such as a beam ex- 
pander Ex for example. The illuminator IL may comprise adjusting means AM for setting the outer and/or inner rad.al 
extent (commonly referred to as o-outer and o-inner, respectively) of the intensity distribution in the beam. In addition, 
it will generally comprise various other components, such as an integrator IN and a condenser CO. In this way, the 
beam PB impinging on the mask MA has a desired uniformity and intensity distribution in its cross-section. 
[0063] It should be noted with regard to Fig. 5 that the source LA may be within the housing of the lithographic 
projection apparatus (as is often the case when the source LA is a mercury lamp, for example), but that it may also be 
remote from the lithographic projection apparatus, the radiation beam that it produces being led into the apparatus (e. 
g with the aid of suitable directing mirrors); this latter scenario is often the case when the source LA is an excimer 
laser (e q based on KrF, ArF or F 2 lasing). The current invention encompasses both of these scenarios. 
[0064] ' The beam PB subsequently intercepts the mask MA, which is held on a mask table MT. Having traversed the 
mask MA the beam PB passes through the lens PL, which focuses the beam PB onto a target portion C of the substrate 
W With the aid of the second positioning means (and interferometric measuring means IF), the substrate table WT 
can be moved accurately, e.g. so as to position different target portions C in the path of the beam PB. Similarly, the 
first positioning means can be used to accurately position the mask MA with respect to the path of the beam i PB e.g. 
after mechanical retrieval of the mask MA from a mask library, or during a scan. In general, movement of the object 
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tables MT, WT will be realized with the aid of a long-stroke module (coarse positioning) and a short-stroke module (fine 
positioning), which are not explicitly depicted in Fig. 23. However, in the case of a wafer stepper (as opposed to a step- 
and-scan tool) the mask table MT may just be connected to a short stroke actuator or may be fixed. 
[0065] The depicted tool can be used in two different modes: 

In step mode, the mask table MT is kept essentially stationary, and an entire mask image is projected in one go 
(i.e. a single "flash") onto a target portion C. The substrate table WT is then shifted in the x and/or y directions so 
that a different target portion C can be irradiated by the beam PB; 

In scan mode, essentially the same scenario applies, except that a given target portion C is not exposed in a single 
"flash". Instead, the mask table MT is movable in a given direction (the so-called "scan direction", e.g. the y direction) 
with a speed v, so that the projection beam PB is caused to scan over a mask image; concurrently, the substrate 
table WT is simultaneously moved in the same or opposite direction at a speed V= Mv, in which M is the magni- 
fication of the lens PL (typically, M- 1/4 or 1/5). In this manner, a relatively large target portion C can be exposed, 
without having to compromise on resolution. 

[0066] One another variation of this optimization is that it can be used for calibration 2D photo resist simulation 
prediction and 2D etched pattern predictions. 

[0067] Although certain specific embodiments of the present invention have been disclosed, it is noted that the 
present invention may be embodied in other forms without departing from the spirit or essential characteristics thereof. 
The present embodiments are therefore to be considered in all respects as illustrative and not restrictive, the scope of 
the invention being indicated by the appended claims, and all changes that come within the meaning and range of 
equivalency of the claims are therefore intended to be embraced therein. 



25 Claims 

1 . A method of generating a calibration model for use in an imaging system, said method comprising the steps of: 

defining a set of calibration patterns, said calibration patterns being represented in a data format; 
30 printing said calibration patterns on a substrate utilizing said imaging system; 

determining a first set of contour patterns corresponding to said calibration patterns imaged on said substrate; 
generating a system pseudo-intensity function, said system pseudo-intensity function approximating the im- 
aging performance of said imaging system; 

determining a second set of contour patterns by utilizing said system pseudo-intensity function to define how 
35 said calibration patterns will be imaged in said substrate; 

comparing said first set of contour patterns and said second set of contour patterns to determine the difference 
between said first set of contour patterns and said second set of contour patterns; and 
adjusting said system pseudo-intensity function until said difference between said first set of contour patterns 
and said second set of contour patterns is below a predefined criteria. 

40 

2. The method of claim 1 , wherein the data format utilized for representing said calibration patterns is a polygon data 
format. 

3. The method of claim 1 or 2, wherein said step of determining a first set of contour patterns corresponding to said 
45 calibration patterns comprises the steps of: 

recording said calibration patterns formed on said substrate utilizing a scanning electron microscope, and 
measuring said calibration patterns so as to determine a two-dimensional contour of said calibration patterns, 
said two-dimensional contour of said calibration patterns corresponding to said first set of contour patterns. 

50 

4. A method of generating a photolithography mask for optically transferring a pattern formed in said mask onto a 
substrate utilizing an imaging system, said method comprising the steps of: 

defining a set of calibration patterns, said calibration patterns being represented in a data format; 
55 printing said calibration patterns on a substrate utilizing said imaging system; 

determining a first set of contour patterns corresponding to said calibration patterns imaged on said substrate; 
generating a system pseudo-intensity function, said system pseudo-intensity function approximating the im- 
aging performance of said imaging system; 
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determining a second set of contour patterns by utilizing said system pseudo-intensity function to define how 
said calibration patterns will be imaged in said substrate; 

comparing said first set of contour patterns and said second set of contour patterns to determine the difference 
between said first set of contour patterns and said second set of contour patterns; 

adjusting said system pseudo-intensity function until said difference between said first set of contour patterns 
and said second set of contour patterns is below a predefined criteria; and 

utilizing said adjusted system pseudo-intensity function to modify said mask so as to provide for optical prox- 
imity correction. 

5. The method of claim 4, wherein the data format utilized for representing said calibration patterns is a POLYGON 
data format. 

6. The method of claim 4 or 5, wherein said step of determining a first set of contour patterns corresponding to said 
calibration patterns comprises the steps of: 

recording said calibration patterns formed on said substrate utilizing a scanning electron microscope, and 
measuring said calibration patterns so as to determine a two-dimensional contour of said calibration patterns, 
said two-dimensional contour of said calibration patterns corresponding to said first set of contour patterns. 

7. The method of claim 3 or 6, wherein said recording of said calibration patterns comprises imaging resist patterns 
corresponding to said calibration patterns. 

8. The method of claim 3, 6 or 7, further comprising the step of converting said first set of contour patterns into a 
polygon data format. 

9. The method of any one of the preceding claims, wherein said calibration patterns are representative of features 
to be utilized in a semiconductor device. 

10. The method of claim 9, wherein said second set of contour patterns are in said POLYGON data format. 

1 1 . A computer program product for controlling a computer comprising a recording medium readable by the computer, 
means recorded on the recording medium for directing the computer to generate a calibration model for use in 
generating a mask for optically transferring a pattern formed in said mask onto a substrate, said generation of said 
calibration model comprising the steps of: 

defining a set of calibration patterns, said calibration patterns being represented in a data format; 
determining a first set of contour patterns corresponding to said calibration patterns imaged on said substrate; 
generating a system pseudo-intensity function, said system pseudo-intensity fimction approximating the im- 
aging performance of said imaging system; 

determining a second set of contour patterns by utilizing said system pseudo-intensity function to define how 
said calibration patterns will be imaged in said substrate; 

comparing said first set of contour patterns and said second set of contour patterns to determine the difference 
between said first set of contour patterns and said second set of contour patterns; and 
adjusting said system pseudo-intensity function until said difference between said first set of contour patterns 
and said second set of contour patterns is below a predefined criteria. 

12. A computer program product for controlling a computer comprising a recording medium readable by the computer, 
means recorded on the recording medium for directing the computer to generate a mask for optically transferring 
a pattern formed in said mask onto a substrate, said generation of said mask comprising the steps of: 

defining a set of calibration patterns, said calibration patterns being represented in a data format; 
determining a first set of contour patterns corresponding to said calibration patterns imaged on said substrate; 
generating a system pseudo-intensity function, said system pseudo-intensity function approximating the im- 
aging performance of said imaging system; 

determining a second set of contour patterns by utilizing said system pseudo-intensity function to define how 
said calibration patterns will be imaged in said substrate; 

comparing said first set of contour patterns and said second set of contour patterns to determine the difference 
between said first set of contour patterns and said second set of contour patterns; 
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adjusting said system pseudo-intensity function until said difference between said first set of contour patterns 
and said second set of contour patterns is below a predefined criteria; and 

utilizing said adjusted system pseudo-intensity function to modify said mask so as to provide for optical prox- 
imity correction. 

13. A device manufacturing method comprising the steps of: 

(a) providing a substrate that is at least partially covered by a layer of radiation-sensitive material; 

(b) providing a projection beam of radiation using an imaging system; 

(c) using a pattern on a mask to endow the projection beam with a pattern in its cross- 

(d) projecting the patterned beam of radiation onto a target portion of the layer of radiation-sensitive material, 

wherein, in step (c), said mask is formed by a method comprising the steps of: 

defining a set of calibration patterns, said calibration patterns being represented in a data format; 
printing said calibration patterns on a test substrate utilizing said imaging system; 

determining a first set of contour patterns corresponding to said calibration patterns imaged on said test sub- 
strate; 

generating a system pseudo-intensity function, said system pseudo-intensity function approximating the im- 
aging performance of said imaging system; 

determining a second set of contour patterns by utilizing said system pseudo-intensity function to define how 
said calibration patterns will be imaged in said test substrate; 

comparing said first set of contour patterns and said second set of contour patterns to determine the difference 
between said first set of contour patterns and said second set of contour patterns; 

adjusting said system pseudo-intensity function until said difference between said first set of contour patterns 
and said second set of contour patterns is below a predefined criteria; and 

utilizing said adjusted system pseudo-intensity function to modify said mask so as to provide for optical prox- 
imity correction. 

14. The method of any one of claims 1 to 10, wherein said step of adjusting said system pseudo-intensity function 
comprises adjusting a weighting coefficient associated with said system pseudo-intensity function. 

15. The method of any one of claims 1 to 10 or 14, wherein said step adjusting said system pseudo-intensity function 
comprises generating a new system pseudo-intensity function. 

16. The method of any one of claims 1 to 10, 14 or 15, further comprising the steps of: 

determining any positional offsets and scaling factors by comparing features contained in said first set of 
contour patterns with corresponding features contained in said calibration patterns, and 
compensating for any such positional offsets and scaling factors. 
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